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Edited by Richard CogdellAbstract The role and sub-cellular localization of the small
heat shock protein HspA under stress conditions was investigated
comparing the cyanobacterium Synechococcus strain ECT16-1,
which constitutively expresses HspA, with the reference strain
ECT. The ultrastructure of ECT cells under elevated tempera-
ture or intensive light stress exhibited severe damage including
aggregation of cytosol and disordered thylakoid membranes,
but in ECT16-1 cells these ultrastructural changes were much
less conspicuous. Immunocytochemical studies showed that the
main localization of HspA in the ECT16-1 cells shifted from
the thylakoid area to the cytoplasm, then back to thylakoid area
during the heat stress. Expression of HspA stabilized the mor-
phology of nucleoids. The results are discussed, in particular with
respect to the unique property of HspA to associate with thyla-
koid membranes.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In all cells, various stresses elicit a physiological response
resulting in the synthesis of a distinct set of proteins called heat
shock proteins (Hsps). Many Hsps are known to function as
molecular chaperones that interact with and protect other pro-
teins under stress conditions. The small Hsps are a group of
proteins having molecular masses of 15–42 kDa and are char-
acterized by a conserved a-crystallin domain of about 80 res-
idues [1]. The primary structures of small Hsps are much less
conserved among various species than other major Hsps such
as Hsp70 and Hsp60. Small Hsps form large oligomers with
various numbers of subunits [1]. Small Hsps appear to be spe-
ciﬁcally involved in trapping unfolding proteins in a folding
competent state under stress conditions, which can be refolded
into the functional state in cooperation with the GroES/
GroEL and DnaK/DnaJ/GrpE chaperon systems upon recov-
ery of physiological status [2].*Corresponding author. Fax: +81 48 858 3384.
E-mail address: nakamoto@post.saitama-u.ac.jp (H. Nakamoto).
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doi:10.1016/j.febslet.2004.12.095Cyanobacteria are photosynthetic prokaryotes found ubiq-
uitously on earth and are capable of surviving extreme envi-
ronmental conditions [3]. Cyanobacteria synthesize a diverse
range of Hsps upon exposure to high temperature [4]. We have
previously cloned the gene encoding a 16-kDa small Hsp from
the thermophilic cyanobacterium Synechococcus vulcanus, and
designated it hspA [5]. The hspA gene was introduced into Syn-
echococcus sp. strain PCC 7942 through a shuttle vector, for
constitutive expression of the protein [6]. The transformed cells
(strain ECT16-1) exhibited elevated tolerance to heat stress. In
order to investigate the mechanism of protection by HspA un-
der stress, the ultrastructure of ECT16-1 cells and the reference
ECT cells was examined under stress and non-stress conditions
by transmission electron microscopy. Furthermore, the intra-
cellular localization of HspA was examined by immunocyto-
chemistry.2. Materials and methods
2.1. Bacterial strains
In order to express the hspA gene constitutively in Synechococcus sp.
strain PCC 7942, the gene from S. vulcanus was cloned and placed un-
der the control of the tac promoter in a shuttle vector [6]. The HspA
expressing cyanobacterial strain was designated ECT 16-1, and the ref-
erence cell ECT.2.2. Culture condition
Cells were cultured at 30 C in BG-11 inorganic liquid medium [7],
modiﬁed to contain 5 mM TES-NaOH (pH 8.0) and 50 mg/l Na2CO3.
The liquid culture in a ﬂat glass vessel was continuously aerated under
continuous irradiance of 30 lE/m2/s provided by a ﬂuorescent lamp.2.3. Heat shock and high light treatments
Cells were grown to mid-log phase (O.D.730 = 0.51) at 30 C as de-
scribed above, and shifted to 45 or 50 C. The cultures were continu-
ously aerated under continuous irradiance of 30 lE/m2/s provided by
a ﬂuorescent lamp throughout the heat treatments. For high-irradiance
(1000 lE/m2/s) treatments, cells were incubated at 30 C under contin-
uous irradiance provided by a halogen lamp.2.4. Chemical ﬁxation
For ultrastructural studies, cells were chemically ﬁxed with glutaral-
dehyde and OsO4. First, 8% glutaraldehyde was directly added to the
cultures dropwise until a ﬁnal concentration of 2% was achieved. The
ﬁxation was carried out for 1 h at room temperature and in a refriger-
ator (4 C) overnight. Specimens were then rinsed with 0.05 M potas-
sium phosphate buﬀer (pH 7.0) several times and postﬁxed in 2% OsO4
in the buﬀer for 1 h at room temperature. After rinsing with the buﬀer,blished by Elsevier B.V. All rights reserved.
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trated with Spurrs resin. The resin was polymerized in an oven at
70 C overnight.2.5. Cryoﬁxation
For immunocytochemical localization of HspA, cells were rapidly
frozen and freeze-substituted. After the cells were harvested by cen-
trifugation (2000 · g for 10 min), a thin layer of cells was formed on
a copper loop by dipping it into the collected cells. Then, the loop
was rapidly plunged into liquid propane layered on frozen acetone
containing 0.01% OsO4 in a vial [8], pre-cooled with liquid nitrogen.
Frozen specimens were freeze-substituted in acetone containing
0.01% OsO4 in a deep freezer (85 C) for 3 days, at 30 C over-
night, at 4 C for 2 h, then brought up to the room temperature.
After rinsing with anhydrous ethanol, the specimens were gradually
inﬁltrated with LR white resin and polymerized in an oven at 50 C
overnight.2.6. Immunocytochemistry
Ultrathin sections (gold) were cut from rapidly frozen, freeze-
substituted and LR White embedded samples using a Sorvall
MT2-B ultramicrotome. The sections were mounted on nickel grids
and treated with 0.56 M NaIO3 for 10 min and rinsed with distilled
water. The labeled sections were then treated with 1% bovine serum
albumin (BSA) and 5% goat serum in 0.1 M Tris–HCl, pH 7.6,
8.77% NaCl, 0.5% Tween 20, and 0.2% NaN3 (TBST) for 30 min
to block non-speciﬁc binding. For immunolabeling, the sections
were exposed to anti-HspA polyclonal antibodies diluted 1:50 with
TBST containing 1% BSA and 1% goat serum for 2 h. After rinsing
with TBST, they were treated with gold conjugated goat-anti rabbit
F(ab)2 fragment (British Biocell) diluted 1:500 with TBST contain-
ing 1% BSA and 1% goat serum for 30 min. The labeled sections
were then washed with TBST and ﬁxed in 1% glutaraldehyde in
TBST for 10 min. After rinsing with distilled water, the sections
were stained with 2% uranyl acetate for 3 min and lead citrate
for 30 s.2.7. Electron microscopy
For ultrastructural observation, ultrathin sections (silver–gold) were
cut with a diamond knife on a Sorvall MT-IIB ultramicrotome, and
stained with 2% uranyl acetate for 15 min followed by lead citrate
for 5 min. The sections were observed with a Hitachi H-7500 electron
microscope at an accelerating voltage of 100 kV.
2.8. Protein analysis
Cells were disrupted by a method described previously [6], except
for the use as extraction medium of 250 ll of 10 mM Tris–HCl, pH
8.0, 1 mM EDTA and 1 mM each of phenylmethanesulfonyl ﬂuo-
ride, benzamidine, and e-amino-n-caproic acid. The cell extract was
centrifuged at less than 1000 rpm for 5 min at 4 C in an Eppendorf
centrifuge 5415 K. The supernatant whole cell extract, which did not
contain glass beads was centrifuged again at 30 000 rpm (40 700 · g)
for 30 min at 4 C in a Hitachi himac CS120FX. The supernatant
fraction (sup) was kept on ice until use. Protein concentrations were
determined with the Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA, USA) using BSA as the standard. A protein sample,
which was dissolved in 60 mM Tris–HCL, pH 6.8, 60 mM dithio-
threitol, 6% sucrose, 2% SDS and 0.03% bromophenol blue, was
heated for 3 min in a boiling water bath and then electrophoresed
in 15% SDS–polyacrylamide (SDS–PAGE) gel as described
previously [9].
2.9. Western blot analysis
Immunoblot analysis using anti-Synechococcus vulcanus HspA poly-
clonal antibodies as probes was performed as described previously [9].
2.10. Detection of phycocyanin
The method by Raps [10] was modiﬁed. After polypeptides were sep-
arated by SDS–PAGE, 1 ml of 100 mM ZnSO4 was spread over the gel
to intensify phycocyanin ﬂuorescence. The ﬂuorescence, which was ex-
cited by 532 nm illumination and passed through a 640 nm band path
ﬁlter was detected using Molecular Imager FX (Bio-Rad).2.11. Fluorescence microscopy
For DAPI staining of DNA, cultured cells were chemically ﬁxed
with glutaraldehyde. An equal volume of 2% glutaraldehyde in
0.05 M potassium phosphate buﬀer (pH 7.0) was directly added to
the culture drop by drop and left for 1 h at room temperature. The cells
were collected by centrifugation and resuspended in 0.2 M sucrose
solution. Then 2 ll of DAPI solution (10 lg/ml) was added to 20 ll
of sample. After 10 min incubation in the dark, the specimens were ob-
served with a Nikon ﬂuorescent microscope (Nikon LABOPHOT) un-
der UV illumination. Fluorescent images were recorded with
KEYENCE VB6000/6010 digital camera system.3. Results
3.1. Ultrastructure of ECT and ECT16-1 cells before and after
heat treatment
We have previously shown that constitutive expression of
HspA can confer heat tolerance to Synechococcus sp. PCC
7942 [6]. After a shift to 50 C for 15 min in the light, the via-
bility of ECT, the reference strain, decreased dramatically to
2.3%, while 28% of ECT16-1, an HspA-expressing strain, sur-
vived. We suspected that this great increase in heat tolerance
by the constitutive expression of HspA would be reﬂected in
ultrastructural changes after the heat shock in both strains,
thus we performed transmission electron microscopic studies.
Transmission electron micrographs of ultrathin sections of
ECT and ECT 16-1 at 30 C are shown in Fig. 1A and C. In
both types of cells, there are concentric layers of thylakoid
membranes at the periphery, and several carboxysomes (pseu-
do-crystalline aggregates of ribulose-bisphospate carboxylase),
abundant ribosomes, and ﬁbrous materials (DNA) can be dis-
cerned at the central area. Compared to ECT cells, the space
between thylakoid membranes is wider in ECT 16-1 cells,
and the space is ﬁlled with moderately electron dense materi-
als. Furthermore, there is a much denser population of ribo-
somes in ECT 16-1 cells in the area surrounded by thylakoid
membranes.
After exposure to 50 C for 15 min, the ultrastructure of
both types of cells changed dramatically (Fig. 1B and D).
The cytosol appears to be aggregated, producing vacant areas
leaving relatively intact carboxysomes. The spaces between
thylakoid membranes were unevenly inﬂated containing mod-
erately electron dense materials. This tendency was more pro-
nounced in ECT cells (Fig. 1B) than ECT16-1 cells (Fig. 1D).
In the ECT cells after the heat treatment, the cytoplasm is al-
most completely devoid of ribosomes and a condensed ﬁbrous
structure (DNA) is visible in the transparent area. Moreover,
accumulations of moderately electron dense material that ap-
pear to be aggregations of proteins between thylakoid mem-
branes, is much more conspicuous in ECT. However, in
ECT16-1 cells after heat treatment, there were still some ribo-
somes and ﬁne ﬁbrils of DNA were distributed more evenly in
the cytoplasm compared to ECT cells.3.2. Immunocytochemical localization of HspA before and after
heat treatment
Ultrastructural changes after a lethal temperature treatment
clearly showed that the constitutive expression of HspA plays a
role in conferring thermo-stability to sub-cellular structures
such as thylakoids. Constitutive expression of HspA in
ECT16-1 increased greatly the thermo-stability of photosystem
II and light-harvesting phycocyanin [6]. The thermo-stability of
Fig. 1. Ultrastructural changes of ECT and ECT16-1 cells after heat treatment. (A) ECT cells at 30 C. (B) ECT cells after heat treatment at 50 C
for 15 min. (C) ECT16-1 cells at 30 C. (D) ECT16-1 cells after heat treatment at 50 C for 15 min. C: carboxysome, R: ribosome, T: thylakoid,
arrow: aggregated ﬁbrous structure, arrowhead: unusual accumulation of moderately electron dense material. Bar indicates 0.5 lm.
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thylakoids may be brought about by a direct or indirect inter-
action of HspA with thylakoids. Previously, we showed that
approximately 40% of the total cellular HspA was localized
in the insoluble fractions of extracts of the ECT16-1 cell grown
under normal conditions at 30 C, while DnaK and GroEL
were present almost exclusively in the soluble fractions [6].
Since thylakoids constitute the major mass in the pellet after
centrifugation of cyanobacterial cell extracts, the unique local-
ization of HspA in insoluble fractions is consistent with the
association of HspA with thylakoids. Thus, HspA may have
strong aﬃnity to thylakoids under normal conditions although
it is a soluble and stable protein [9]. We wondered if the local-
ization of HspA may change when the level of denatured pro-
teins increases upon heat shock, since HspA can associate
with denatured proteins as a molecular chaperone. Conse-
quently, we performed cell fractionation experiments to test
the change of HspA localization after prolonged heat treat-
ment. Previously, we had shown that no apparent decrease inFig. 2. Immunolocalization of HspA in the ECT16-1 cell extracts after heat t
cells were analyzed for the existence of HspA and phycocyanin a. Cells cultu
After 2 h of heat treatment, the temperature was shifted back to 30 C and
treatment, the HspA level in the soluble fraction decreased gradually. It incrcell viability was observed at 45 C and cells acquire thermo-
tolerance by a treatment of cells at 45 C for 1 h prior to a lethal
temperature treatment [6]. Thus, we examined the localization
of HspA in a cell at 45 C. The whole cell extract and its soluble
fraction after incubation of cells at 45 C were analyzed for the
existence of HspA (Fig. 2). Compared to the cells before heat
treatment, the HspA level in the soluble fraction decreased
gradually. It increased again after a temperature shift down
to 30 C. In contrast with HspA, phycocyanin a, a major solu-
ble protein, did not change its level in the soluble fraction.
These results suggest that HspA may associate with insoluble
materials such as thylakoids reversibly during heat shock. Sim-
ilar to the above results, the proportion of the cellular HspA in
the insoluble fraction of extracts of the ECT16-1 cells incubated
at 50 C increased greatly (data not shown).
Results with the cell fractionation experiments suggest the
association of HspA with thylakoids. In order to deﬁne the
sub-cellular localization where physical interactions of HspA
take place, we employed immunocytochemistry.reatment. The whole cell extract (cell) and soluble fraction (sup) of the
red at 30 C (time 0) were subjected to 45 C for 15 min, 1 h, and 2 h.
cells were incubated for 1 h. Compared to the cells before the heat
eased again after a temperature shift down to 30 C.
Fig. 3. Immunocytochemical localization of HspA in the ECT16-1 cells after heat treatment. (A) ECT cells at 30 C devoid of HspA (negative
control). (B) ECT16-1 at 30 C. Gold particles are distributed at thylakoid, carboxysomes and cytoplasm. (C) ECT16-1 cells at 45 C for 15 min.
Many gold particles are in the cytoplasmic area. (D) ECT16-1 cells at 45 C for 1 h. Majority of gold particles are associated with thylakoid. Bar
indicates 0.1 lm.
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carefully set up by using ECT cells, which do not have any
HspA (Fig. 3A). After this procedure, very few background
gold particles were seen in ECT cells. In non-stressed
ECT16-1 cells, gold particles indicating HspA molecules were
distributed in the vicinity of thylakoid membranes and carb-
oxysomes (Fig. 3B). After ECT 16-1 cells were exposed to heat
stress at 45 C for 15 min, many gold particles were observed
in the cytoplasmic area. These were not associated with thyla-
koid membranes or carboxysomes (Fig. 3C). After prolonged
heat treatment at 45 C for 1 h, the majority of gold particles
were again in the vicinity of thylakoid membranes (Fig. 3D).Fig. 4. ANOVA of gold particle counts in thylakoids and cytoplasm. Data c
before or after heat shock (see Fig. 3). Sample sizes are 50. The data were ana
conﬁdence interval for mean were shown by a column and a bar.In order to support the above observation statistically, 50
cross-sectioned cells were randomly chosen for each treatment
before and after heat shock, and the number of gold particles
in the thylakoids and the cytoplasm area in each cross-section
was counted. The ratio of the number of gold particles in thy-
lakoids to that in cytoplasm was analyzed by ANOVA. As
shown in Fig. 4, the gold particles changed their distribution
after heat shock. Before heat shock, twice as many as HspAs
were present in thylakoids than in the cytoplasm. After heat
shock, the proportion of HspA in the thylakoids decreased
within 15 min or that in the cytoplasm increased, resulting in
an equal distribution of HspAs between thylakoids and cyto-ollection was from randomly chosen gold-labelled cross-sectioned cells
lyzed by the ANOVA statistical test. A mean value and a value of 95%
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the thylakoids increased again.
3.3. Ultrastructure of ECT and ECT16-1 cells after intensive
light treatment
In addition to high temperature, Hsps such as HtpG and
GroEL are induced by an increase in light intensity in Synecho-
coccus sp. PCC 7942 [11]. Hsps including HspA may protect
against damage by intense light. To investigate whether HspA
plays a role in cyanobacterial acclimation to light stress, we
examined the ultrastructure of cells after a shift to high light
(1000 lE/m2/s) for 24 h. The ultrastructure of ECT cells chan-
ged drastically. Surprisingly, it exhibited a tendency similar to
that after heat treatment (Fig. 5A and B). Ribosomes were not
seen at the central part of the cytoplasm, leaving a vacant
space. There were also aggregated proteins between thylakoid
membranes. A condensed ﬁbrous structure consisting of DNA
is visible in the transparent area. One characteristic diﬀerence
observed after the light treatment was that carboxysomes in
the cytoplasm were disappearing, which was not the case after
heat treatment. Compared to ECT cells after intense light
treatments, ultrastructural changes in ECT16-1 were much
more moderate (Fig. 5C and D). In ECT16-1 cells thylakoid
membranes were still arranged orderly and ribosomes were
evenly distributed.
3.4. Conﬁguration of DAPI stained DNA after heat or intensive
light treatment
Ultrastructural observation indicated that in ECT cells,
DNA ﬁbers tend to aggregate after either stress treatment,
while in ECT16-1, ﬁne ﬁbrous structure was better preservedFig. 5. Ultrastructural changes of ECT and ECT16-1 cells after intensive light
30 C. (B) ECT cells after intense light treatment (1000 lE/m2/s) for 24 h at 3
30 C. (D) ECT16-1 cells after intense light treatment (1000 lE/m2/s) for
aggregated ﬁbrous structure, arrowhead: unusual accumulation of moderateafter the treatment. It was also shown in Synechocystis sp.
strain PCC 6803 that severe salt stress induced aggregation
of DNA [12]. In order to conﬁrm the change of DNA appear-
ance, cells were stained with DNA speciﬁc ﬂuorescent dye,
DAPI. Before the stress treatments, intense ﬂuorescence indi-
cating DNA was observed in distinctive chromosomes lined
up at the centers of both ECT and ECT16-1 cells (Fig. 6A
and D). Three to six of the compacted chromosomes were de-
tected per cell. After heat treatment at 50 C for 15 min, the
distinct staining was not visible any more in ECT cells. Instead
weak ﬂuorescence was seen as a continuous narrow belt at the
center of the cells and individual chromosomes could not be
distinguished any more (Fig. 6B). In contrast, distinctive chro-
mosome structure with intense ﬂuorescence was well preserved
in ECT16-1 cells after 50 C heat treatment (Fig. 6E). A similar
tendency was also observed after 24 h high light treatment.
Weak ﬂuorescence was restricted to continuous central narrow
belts in ECT cells after high light treatment (Fig. 6C), while
well deﬁned chromosomes were still distinguishable with in-
tense ﬂuorescence in ECT16-1 cells (Fig. 6F). It appears that
stress conditions caused the ﬂuorescent labeling to become dif-
fuse throughout the ECT cells. HspA prevents this diﬀusion.
We have rarely observed this type of diﬀusion of the nucleoid
in exponential- or stationary-phase cells under normal growth
conditions (data not shown).4. Discussion
We have shown that HspA can stabilize subcellular struc-
tures such as thylakoids under heat shock conditions (Fig.treatment. (A) ECT cells under normal light conditions (30 lE/m2/s) at
0 C. (C) ECT16-1 cells under normal light conditions (30 lE/m2/s) at
24 h at 30 C. C: carboxysome, R: ribosome, T: thylakoid, arrow:
ly electron dense material. Bar indicates 0.5 lm.
Fig. 6. DAPI stained DNA in ECT and ECT16-1 cells after heat treatment or intense light treatment. (A) ECT cells at 30 C. (B) ECT cells after heat
treatment at 50 C for 15 min. (C) ECT cells after intense light treatment 1000 lE/m2/s for 24 h at 30 C. (D) ECT16-1 cells at 30 C. (E) ECT16-1
cells after heat treatment at 50 C for 15 min. (F) ECT16-1 cells after intense light treatment 1000 lE/m2/s for 24 h at 30 C.
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served in the heat-shocked hsp17 (hspA) mutant of Synechocys-
tis sp. strain PCC 6803 [13]. However, we have found that the
hspA deletion mutant of Synechocystis sp. strain PCC 6803
constitutively accumulates higher level of groESL1 and
groEL2 transcripts and corresponding proteins under normal
conditions [12]. Thus, the phenotype of the hspA mutants
might be due to the abnormal expression of other Hsps such
as GroEL. In the present study, we showed clearly that HspA
plays a role in preserving the integrity of thylakoid membranes
under heat stress, using strains in which constitutive expression
of HspA does not aﬀect expression of other Hsps such as
GroEL and DnaK [6]. The stabilization may be a result of di-
rect or indirect association of small Hsp with thylakoids. We
detected approximately 40% of total HspA in a pellet of the ex-
tract of the ECT16-1 cells grown under normal conditions by
Western blot analysis [6]. Thylakoid membranes are enriched
in the pellet fraction. HspA was also detected in the thylakoid
fraction of Synechocystis sp. strain PCC 6803 cells [14]. These
results suggest that HspA is associated with thylakoid mem-
branes. However, these biochemical approaches cannot pro-
vide the deﬁnite answer for the localization of a protein in
thylakoids. The thylakoid membranes isolated from Synecho-
cystis sp. strain PCC 6803 using sucrose density gradient cen-
trifugation were contaminated by plasma membranes [15]. We
thus employed immunocytochemistry to localize HspA in the
cell, and obtained direct evidence for the association of HspA
with thylakoids for the ﬁrst time (Fig. 3). In vitro analysis has
shown that association of Hsp17 with lipid membranes in-
creases the membrane order and reduces membrane ﬂuidity
[16], which is consistent with our results showing that thylak-
oids from ECT16-1 have higher integrity and stability under
heat shock conditions (Fig. 1).
The association of HspA to thylakoids greatly increased
after 15 min of heat shock treatment (Figs. 3 and 4). It is a
novel ﬁnding that HspA changes subcellular localization afterheat shock. HspA has been shown to be an amphitropic pro-
tein that binds weakly, reversibly, and speciﬁcally to mem-
brane lipids [16]. Under normal conditions, thylakoid
membranes may function as a reservoir for a signiﬁcant pro-
portion of the total small Hsp oligomers. Upon heat shock,
the oligomer dissociates to dimers or monomers to associate
with denatured proteins [2], assuming that HspA behaves in
the same way as yeast Hsp26 [17]. During the initial phase
of heat shock, major Hsps such as GroEL and DnaK may
not be induced to a suﬃcient level, since these molecular
chaperones reach maximum levels much more slowly than
HspA [9]. Thus, HspA may play a major role as a molecular
chaperone during the initial phase, interacting with non-na-
tive proteins in the cytosol as well as thylakoid membranes
to prevent them from irreversible aggregation. The complex
between HspA and the substrates becomes large [2,17] and
insoluble (leading to the increase in the proportion of HspA
that is insoluble as shown in Fig. 2) in the cytoplasmic frac-
tion since the immunocytochemistry indicates the main local-
ization of HspA in the cytoplasm after the incubation of cells
at 45 C for 15 min (Fig. 3). The large HspA oligomer-sub-
strate complex may stay in the cytosol or thylakoids. Then,
Hsps are gradually induced and the GroES/GroEL and
DnaK/DnaJ/GrpE chaperon networks are established. HspA
transfers the unfolded substrates to the chaperone networks
for subsequent refolding. HspAs that are freed from unfolded
substrates can now interact with thylakoids, being reassem-
bled into the original oligomer. These events are summarized
in Fig. 7.
We also showed that ECT cells produced a condensed ﬁ-
brous DNA structure after heat shock (Fig. 1) and intense
light stress (Fig. 5). We have recently shown, that salt stress
induces aggregation of cellular DNA in an hspA mutant of
Synechocystis sp. strain PCC 6803 [12]. The morphology of
the DAPI-stained nucleoids is also diﬀerent in the heat-
shocked and light-stressed ECT cells from ECT16-1 cells
Fig. 7. Model for the chaperone function of HspA under heat shock conditions. Upon heat shock, HspA dissociates into smaller oligomers which are
able to bind non-native proteins, thus preventing their aggregation. Large HspA-non-native protein complexes assemble subsequently from the
dissociated HspA-non-native protein complexes, which may become insolubilized in the cytoplasm or associate with thylakoid membranes. In
the presence of the DnaK/DnaJ/GrpE system, HspA-bound protein can be released and refolded into its native form and HspA reassociates to the
original oligomer of 24 subunits. The original oligomer may be reassembled on the thylakoid membrane after releasing non-native proteins.
K. Nitta et al. / FEBS Letters 579 (2005) 1235–1242 1241(Fig. 6). These results suggest a role of HspA in controlling
aggregation or condensation of centric DNA ﬁbers under
stress conditions. Alternatively, HspA may protect DNA
and its associated proteins from damage under stress condi-
tions. It is intriguing to hypothesize that a small Hsp inter-
acts with nucleoid-associated proteins and is involved in the
compaction of the nucleoids, aﬀecting the control of gene
expression to adapt to environmental challenges and survive.
In the present study, we found that high light treatment also
disrupted thylakoid integrity. HspA played a role in main-
taining the stability of thylakoids under high light as well
as under heat stress. However, there are some diﬀerences in
the phenotypes obtained under heat shock and high light
stresses. The most remarkable diﬀerence is the disappearance
of carboxysomes in the reference strain under high light
which was not the case under heat stress, while no signiﬁcant
reduction in the number of carboxysomes was detected in the
ECT16-1 strain (Fig. 5). Carboxysomes may be degraded or
disassembled under high light. The results indicate that HspA
plays a role in stabilizing the carboxysome structure. As
shown in Fig. 3, HspA associates with carboxysomes. Studies
are in progress to evaluate a role of HspA in stabilizing
carboxysomes.
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